A , btract. While investigating the effect on B cells of repetitive in vivo immunization with tetanus toxoid (TT), we observed the subsequent development of specific anergy for T cell delayed hypersensitivity (DTH) to TT. This appeared -35 d after a series of five booster immunizations. Concurrently, in vitro T cell blastogenic responses were preserved. Serum obtained when the skin tests were nonreactive demonstrated a profound inhibitory activity on T cell reactivity. This activity was shown to be anti-antibody activity that was both anti-F(ab)2 and, specifically, anti-TT F(ab)2. It blocked binding of TT to a pool of allogeneic antibodies and also inhibited allogeneic antigen-specific T cell blastogenesis. Thus, we could identify activity in the serum of hyperimmunized individuals that appeared auto-anti-idiotypic (anti-id) and represented a single or family of major crossreacting idiotypes (id) for TT. The expression of the auto-anti-id correlated with the loss of T cell reactivity in vivo and in vitro. Subsequent examinations revealed persistent, specific cutaneous anergy beyond six months, which was then associated with a failure of T cells to react with antigen in vitro. Mixing experiments with cells from these later times and cryopreserved autologous cells obtained prior to hyperimmunization revealed there had been the development of antigen-specific T suppressor cells. Thus, in vivo DTH tolerance following hyperimmunization was associated with an inhibitory serum activity that appeared to be anti-id. Persistence of tolerance (>6 mo) occurred with the development of T suppressor cells.
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Introduction
The elements affecting expression of human immune responses have primarily focused upon antigen-or mitogen-mediated interactions (1) . However, over the past decade, a rapidly expanding body of knowledge gained from animal experimentation has shown that idiotypic (id)'-anti-idiotypic (anti-id) interactions comprise an important set of interrelating events. This universe of id regulation is active in the control of the quantity and quality of humoral immune response because antigen-reactive B cells as well as T helper cells bear surface id (2) . Not surprisingly, similar id-anti-id reactions have occurred in the T-T cell interactions influencing expression of cell-mediated immunity (3, 4) . Furthermore, the expression of id varies over time after immunization or repeated antigen challenge (5) (6) (7) . While early studies relied on anti-id reagents raised by direct immunization with id, more recently the expression and role of auto-anti-id has gained increasing importance (8) (9) (10) . Such auto-anti-id occur during both humoral and cell-mediated responses (1, 12) .
The role of id-anti-id reactions or auto-anti-id antibodies in the expression of human immune reactions has just recently gained attention. Geha and Weinberg (13) have shown the existence of id-bearing cells and immunoglobulins using a rabbit heterosera. Furthermore, they demonstrated the effects of this material on T and B cell responses to tetanus toxoid (TT). Human auto-anti-id have been investigated primarily in systemic lupus erythematosis, where Abdou ( 14) first reported the presence of auto-anti-id to anti-DNA antibodies, an observation confirmed and extended by Nasu et al. (15) .
While investigating the effect of repetitive immunization of the cells involved in the in vitro anti-tetanus toxoid antibody (anti-TT) response in humans, we observed that such individuals became anergic to delayed hypersensitivity (DTH) skin testing with TT. Investigation of this phenomenon suggests the early development of regulatory auto-anti-id antibodies followed by the later appearance ofenhanced TT-specific T suppressor cells.
These studies provide further evidence for human auto-anti-id, documents their appearance in normals, and demonstrates a potential regulatory role in the expression of cell-mediated immunity.
Methods
Immunization and skin tests. Normal subjects between the ages of 25 and 49 yr old were booster immunized on day 0 with 15 flocculation units (LF) (three times the usual booster dose) of soluble TT (Lederle Laboratories, Pearl River, NY) and subsequently with 5 U LF on days + 14 and +28. Serum and cells were obtained on day 0 and at various intervals thereafter. We performed skin testing on day -2 and at subsequent times as noted in the text. Subjects received a 0.1 ml intradermal injection of 0.1 LF soluble TT as described by Fairshter et al. (16) . All skin tests were read at 48 h. Induration and erythema were measured in their greatest diameter. We took a second measurement at right angles and then took an average of the two. All skin tests were performed on the volar aspect of the forearm; alternating arms were used for repetitive testing and sites on the same arm were always 6 cm apart. All donors had received previous TT immunizations but none in the last 12 mo.
We performed other skin tests with streptokinase streptodornase 40:10 U (Lederle Laboratories) and Candida antigen 1:100 (Hollister Stier Laboratories, Spokane, WA).
Cell preparations. Peripheral blood mononuclear cells (PBM) were prepared by Ficoll-hypaque sedimentation (17) . Viable cells were either tested fresh or cryopreserved. Lymphocyte Preparation ofauto-anti-id reagents. Serum from hyperimmunized donors (+day 36-48) was passed over an affinity column of F(ab)2 of human immunoglobulin as previously described (15, 18) . The bound material was eluted at low pH, then passed over a column of TT bound by cyanogen bromide coupling to Sepharose 4B to remove any remaining anti-TT activity. In subsequent experiments, anti-TT were purified from serum obtained 10-14 d after booster immunization by affinity purification. The serum (7.5 ml diluted to 15-in. ml) was passed over 20-ml Sepharose 4B columns (2-4 mg TT/ml of Sepharose) which had been coupled with TT by the cyanogen bromide technique. The bound antibody was subsequently eluted at low pH and high ionic strength (25 ml of0.5 M NaCI and 0.5 M acetic acid) and immediately neutralized. A F(ab)2 fraction of this anti-TT was obtained by pepsin digestion followed by Sephadex G75 (Pharmacia Fine Chemicals Inc., Piscataway, NJ) separation (19) . This material was cyanogen bromide coupled to Sepharose 4B columns as described above. Subsequently, sera from later time points from the same individuals (days 36-48) were passed over this F(ab)'2 anti-TT column and bound material eluted as described earlier. The anti-TT antibody in sera and other reagents was assayed by solid-phase radioimmunoassay (RIA) for IgG binding to TT (20) . Anti-id activity was measured by inhibition of binding of IgG anti-TT antibodies from a standard pool of serum obtained from donors 10-14 d after booster immunization. This was compared with inhibition of binding of anti-diphtheria toxin antibodies in an analogous assay (20) .
Results
Delayed hypersensitivity and serum levels to TT in vivo. All donors had large DTH skin tests at day 0. Thereafter, there was a progressive fall in skin reactivity so that the subjects were anergic to TT by day 42 (Fig. 1 ). This anergy was specific to TT as donors had reactive skin tests to streptokinase/streptodornase and Candida antigen. We followed this delayed skin test and subsequent anergy in 10 individuals; while the earliest return of any reactivity was seen at 5 mo, one individual remains anergic to TT 30 mo later (results not shown). Fig. 1 shows the effects of immunizations on anti-TT titres. Serum levels peaked between days 7 and 21, then gradually declined thereafter. There was no rise in serum anti-TT antibody levels after boosters on day 14 or 28, although serum levels did show a somewhat slower decline than we observed after a single booster. As with a single immunization, we observed no serum IgM anti-TT.
In vitro blastogenesis. PBM were assayed for blastogenic responses to soluble TT at days 0, 14, 28, and 42 ( Fig. 2 ). There was no significant change in specific blastogenesis to TT, Candida, or PWM. However, cells taken from two individuals at 6 and 7 mo after showed diminished blastogenesis to TT; therefore, these cells were mixed 1:1 with autochthonous cryopreserved cells from days 0, 14, and 28. These mixes lost far more reactivity than could be accounted for by the addition of the two populations (Fig. 2) . These mixes showed no suppression of the response to Candida antigen or PWM.
Effects of serum on in vitro blastogenesis. Autochthonous heat-inactivated serum from days 0, 14, 28, and 42 was added to cultures of PBM from day 0. Results are shown in Fig. 3 for 10 ul of serum. These cultures showed an inhibition of blastogenesis with sera from days 14-42 without a corresponding fall in responses to Candida or PWM. The sera obtained at day 42 were the most potent. This was not simply owing to the presence of anti-TT as antibody levels were highest early on (day 14) and fell thereafter (Fig. 1) . We obtained similar results with 5 ml of sera, though to a lesser degree.
Effects of serum F(ab)'2 binding fractions. To explore the possibility that anti-anti-TT (anti-id or anti-TT id) was responsible for these observations, F(abY2 binding material was isolated from the sera of two hyperimmunized donors as described (13). Possible anti-TT antibody was removed from the anti-F(abY2 by passage over a TT affinity column. This anti-F(ab)2 material contained undetectable amounts (<1 ng/ml) ofanti-TT antibody activity with direct binding in the solid-phase RIA for IgG anti-TT (20) . Anti-TT id activity was assayed by using the anti-F(abY2 reagents to competitively inhibit the solid-phase RIA for IgG anti-TI. Briefly, TI was bound to polyvinyl microtitre plates (-40 ng/ml); varying amounts of anti-F(ab)2 reagents were added along with a known amount (10 ng IgG anti-TT/ well) of a standardized mixed anti-TI antiserum (allogeneic to anti-F(ab)2 donors), and the amount of IgG anti-TI bound was measured by binding ofaffinity-purified, '25l-labeled rabbit antihuman IgG. Results obtained with the anti-F(ab)'2 blocking reagents were compared with control wells. When no anti-F(ab)'2 antibody was added, the binding of the anti-TT alone gave a mean of 46,382 cpm. The anti-F(ab)'2 alone was the same as background (1, 576) . If the anti-F(ab)'2 fractions had anti-TT id activity, they should block anti-TT binding. Fig. 4 
Effects ofspecific anti-anti-TT antibodies (anti-FT id).
The results with the anti-F(ab)'2 reagents are clouded by the possible effects of anti-F(ab)'2 regions unrelated specifically to TT. This may have accounted for the lack of specificity seen with cells from one of the allogeneic donors. Therefore, day 46 sera from three individuals were used to prepare anti-F(ab)2 antibodies specific for anti-TT. These were tested for their ability to block TT-anti-TT-binding in our solid-phase RIA as well as for their effect on TT-induced blastogenesis. When these anti-TT id were added to an allogeneic serum pool containing IgG anti-TT antibody from allogeneic donors 2 wk after booster immunization, a dose-dependent inhibition of antibody binding was observed. All three anti-id showed a dose-dependent inhibition of anti-TT binding similar to that seen with the anti-F(ab)'2 reagents, except that equivalent levels were blocked by -50-fold less total protein (0.017, 0.018, and 0.020 Mg).
As this inhibition level was striking, similar anti-anti-TT reagents were generated from 42-d sera from two other subjects immunized according to the described protocol. The materials eluted from the anti-TT affinity column demonstrated 50% inhibition, as above, with 0.023 and 0.031 MIg. However, after ultracentrifugation to remove aggregates formed during preparation, the blocking ability of these preparations was decreased -2.5-fold (Fig. 4 B) . This probably resulted because multivalent aggregates of the anti-id were at a kinetic advantage compared with tetanus or bivalent antibody and/or aggregates could sterically block a bivalent anti-TT antibody binding to the TT plate after binding to only one ofits antibody-combining regions.
PBM from the same three allogeneic donors used for assaying TT blastogenesis with the anti-F(ab)'2 reagents were tested in the presence of the specific anti-id reagents for activation by TT, Candida, and PWM. The anti-id showed specific inhibition of transformation to TT. The nonspecific inhibition of Candida in normal donor 3 was not seen (Table I ). While maximum inhibition was achieved at lower protein concentrations with the anti-id, the absolute level was not increased when higher amounts of anti-id were added. The suppression of TT-induced blastogenesis by these reagents could not be reversed by addition of up to 10-fold greater (50 ng) quantities of stimulating antigen (TT). Anti-id reagents activate a third set of antigen-specific T suppressor cells in many elegant murine models of DTH (22) . Therefore, we preincubated fresh T cells with varying concentrations ofanti-id material, washed the cells three times in 370C medium, irradiated them (3,000 rad) to prevent blastogenesis, and added them back to autologous T cells in the presence of TT. Blastogenesis was determined 5 d later. With preincubation times up to 24 h no effect was observed, whereas longer incubations showed increasing nonspecific inhibition similar with anti-id incubation and controls (IgG devoid ofanti-TT and antiid activity) (results not shown).
Discussion
Data are available about the role of serum factors, including antibody itself, in the specific and nonspecific regulation of immune responses (23) . Recently, much interest has focused on the role of antibody directed to antibody variable region determinants (anti-id) in controlling immune expression (2-4). While these effects were initially focused on B cell responses, it is now clear that id-anti-id interactions are equally relevant to T cell responses (5-7).
While investigating the effect of repetitive in vivo TT challenge on in vitro antibody synthesis, we noted the development of specific in vivo T cell anergy to TT. We analyzed this using antigen-induced blastogenesis, which correlates well with in vivo DTH. The striking finding in the initial experiments was that even with complete in vivo anergy at days 35-36, blastogenesis to TT was preserved. However, the addition of autochthonous serum from the later times to cryopreserved cells from day 0-43 showed a dramatic inhibition of TT blastogenesis. This effect was not seen with serum from 10 d post booster immunization, which clearly argues against it being simply an effect of anti-TT because serum antibody levels were as high or higher at day 10 than at day 35. Furthermore, anti-F(ab)2 and anti-TT-F(ab)'2 fractions from the late phase sera also could inhibit in vitro autochthonous and allogeneic TT blastogenesis. While many cells proliferate in vitro in a nonspecific fashion after specific antigen stimulation, this is dependent on the initial activation of antigen-specific responder cells. Thus the inhibition of the TT specific cells would account for the high percentage of inhibition of total blastogenesis in these cultures (Table I) . T helper/inducer cells have been shown to recognize shared id determinants (24) . Our materials were shown to be devoid of anti-TT activity by RIA (<1 ng/ml). We chose to call the latter material (anti-TT-F(ab)'2) anti-id because these serum fractions were shown to block binding of a pool of allogeneic anti-TT to TT in our solid-phase RIA. Thus, we propose that the initial phase of in vivo T cell anergy to TT seen with repetitive immunization was due to the presence of an anti-TT id activity detected as primarily reactive against T cells. We found no evidence for an effect on expression of B cell function, because serum antibody levels were unaltered by the immunization regimen. However, as we (in collaboration with Dr. Ronald Stevens, Dept. of Microbiology and Immunology, UCLA Medical Center, Los Angeles, CA) have been unsuccessful in analyzing the clonal nature of the B cell repertoire to TT due to its heterogeneity, it is entirely possible that distinct alterations in anti-TT B cell clones occur that give rise to different id, affinities, etc. Furthermore, complementary id interactions may prove to protect clones of id-bearing cells as well as act in an inhibitory fashion (25) . The effects we observed were not due to or related to the multiple skin tests alone, as two subjects receiving the same skin tests without the booster immunizations did not develop anergy to TT or suppressive serum. In contrast, three persons given the immunizations alone and then tested on day 42 did manifest these changes.
Anti-id activity has recently been reported in a small number of human models. Geha and Weinberg (13) have examined the effect of xenosera directed to TT antibody in a few normal individuals. While they found a striking effect on B and T cell responses in vitro, these anti-id xenoserum showed individual specificity (26) . This is in contrast to our findings where our auto-anti-id reagents reacted with T cells from other individuals. The likeliest explanation for these discrepancies is that the use of xenosera or solely autologous systems to detect complementary id interactions preferentially selects for private id systems. We attribute our success in detecting broad reacting anti-id material to a combination of factors: our use of serum from hyperimmunized subjects; our observation and subsequent testing of T cell reactivity, as T cells appeared to display a more restricted repertoire of id; and our use of isologous serum rather than strictly autologous or xenogeneic materials for purifying and analyzing in RIA inhibition. In contrast to our findings, Geha detected individual specific id that did not show allogeneic effects; however, his absorption on isologous IgG would remove any public specificities similar to those we describe (27) . Furthermore, we used five rather than one booster to develop our anti-anti-id. Use of isologous anti-id materials has been effective in delineating shared id determinants for murine IgG and IgE penicilloyl antibodies (28) , and allogeneic responses to dextran favor development of anti-crossreacting id (29) . Furthermore, the concept of shared id between humans for antibodies to hepatitis B has now been reported by Kennedy and Dreesman (30) .
Many of our experiments strongly suggest that the material we detected in vitro was true auto-anti-id. It was anti-F(ab)'2, anti-TT F(ab)'2, and inhibited TT-anti-TT antibody binding. Whether this activity is due to a single or small number ofbroad crossreacting id present on T cells specific for TT or the presence of a multiplicity of individual id-anti-id reactions cannot be determined directly from our data. We feel the activity is due to single id, as an accumulating body of evidence suggests the presence of major crossreacting ids between murine species (31) (32) (33) (34) (35) , while there is little to suggest significant concordance of private id between strains or outbred individuals.
We propose that the auto-anti-id TT observed reacted primarily with id-positive T cells. This would account for the specific loss of in vivo DTH and in vitro blastogenesis. Moorhead et al. (36, 37) have described such a model in Balb C mice where immunization with DNFB leads to an anti-id antibody response that tolerizes contact sensitization. Attempting to test whether the antibody response and the possible auto-anti-id we detected in vitro related to the observed loss of TT DTH, we TT-hyperimmunized an individual with acquired hypogammaglobulinemia. Since this individual could not mount an antibody response, we predicted we would fail to tolerize his DTH to TT. This proved to be correct.
Initially we suspected the early participation of antigen-specific T suppressor cells. However, many experiments mixing autologous cryopreserved cells from day 0-42 failed to indicate the presence of TT-specific inhibitory cells. Indeed TT blastogenesis was preserved in vitro when the cells were washed and cultured in fetal calf serum or day 0 autologous serum. However, when blastogenesis to TT was tested 6 mo and later in TT anergic subjects, it was markedly depressed compared with day 0 cells. Furthermore, the later cells were shown to suppress TT selectivity. On sequential testing, cutaneous anergy has persisted for over 2 mo in 75% of those followed and for 21/2 yr in one individual. Thus, it appears that long-term anergy to TT is associated with the late development of antigen-specific T suppressor cells. This is analogous to findings of Rocklin et al. (38) who demonstrated a specific loss of in vitro T cell reactivity to ragweed antigen after desensitization therapy. The finding of auto-anti-id antibody with the later development of antigenspecific T suppressor cells has parallels to the models ofproposed regulation of DTH (22, (39) (40) (41) (42) , where anti-id second set activity (our auto-anti-TT-id) later gives rise to third set antigen-specific T suppressor cells (our late phase antigen-specific cells). Recognizing this, we attempted but failed to induce T suppressor effector cells by up to 24 h preincubationn of T cells with anti-TT-id antibodies. This was not too surprising, as such induction in vitro models in murine requires 3-4 d (by which time all the human cells showed activation of nonspecific suppressor cells). Furthermore, in vivo antigen priming or cellular interactions may be required before in vitro induction.
We have been able to define an auto-anti-id antibody system in humans that appears to have the characteristics of a crossreacting or family ofcrossreacting id. We could relate this activity to T cell responsiveness in vivo and in vitro and to the later development of antigen-specific T suppressor cells. We are currently trying to develop a repertoire of human anti-Ti monoclonal antibodies to determine whether we are truly dealing with a single or family of major crossreacting id.
